This article presents a phenomenological combustion model using turbulent flame propagation theory developed by Keck and coworkers, 1974. The model was adapted to work with gasoline-ethanol blends, following correlations presented by Bayraktar,2005.
INTRODUCTION
Biofuels, oxygenated fuel or reformulated fuels as are known, are blends of a base fossil fuel with some fuel with oxygen atoms in its chemical structure (MacLean and Lave, 2003) . Ethanol is one of the most used in the world. It is obtained from sugar cane, corn and beet distillation (Bayraktar, 2005, Bastianoni and Marchetini, 1996) . This hydrocarbon, the ethanol, has one hydroxide replacing one hydrogen atom, and must be 99.95% anhydrous in order to properly work within the engine as a fuel (Bastianoni an Marchetini, 1996 , Hansen et al, 2005 . However, in Brazil, hydrated ethanol has been used as a fuel with good results (Kojima and Johnson 2005) .
Gasoline-ethanol blends have been of interest since energy crisis in the 70's, caused by OPEC (Organization of the Petroleum Exporting Countries) oil embargo (Bastianoni and Marchetini, 1996) . In countries like Brazil, mixtures of gasoline and ethanol from sugar cane were implemented since mid 70's (Hammond, 1977) , as a way of agricultural industry enforcement and pollutant emissions decrease strategy. In United States and Canada use of gasoline-ethanol blends or pure ethanol has had a slow implementation. This is because ethanol production and commercialization requires projects with high investments and, in some cases, negative return rates (Bayraktar, 2005, MacLean and Lave, 2003) . That is why the governments, through subsidy or tax reduction, must help in the purpose of biofuel accomplishment, together with a long term policy (McLean and Lave, 2003, Hansen et al, 2005) .
Documented tests in (MacLean and Lave, 2003, Hsieh et al, 2002) showed that power and torque does not decrease when gasoline-ethanol fuels are used, in spite of the smaller Lower Heating Value (LHV) of it, in contrast to pure gasoline. In fact, an increase in fuel consumption is expected (Al-Hasan, 2003) , as well as a raise in engine's thermal efficiency . Research Octane Number, heat of vaporization and autoignition temperature also augment with higher ethanol concentration in fuel (MacLean and Lave, 2003 , Hsieh et al, 2002 , Hansen et al, 2005 ,Yüksel and Yüksel, 2004 . Reid Vapor Pressure is bigger for ethanol compared to gasoline, but in blends, their value is influenced by gasoline quality, i.e how much butane it has and what are the T50 and T90 distillation temperatures (Orbital, 2002) .
Combustion in general is improved by gasolineethanol blend use as a fuel in engines, when comparing to gasoline fuel only. The best way to see this is to look at carbon monoxide (CO) and total hydrocarbon emissions (THC), which decrease, 10% to 40% for CO (Orbital, 2002 , AlBaghdadi, 2000 and 5% to 20% for THC (Niven, 2005 , Hammel-Smith et al, 2002 , Morris and Brondum, 2000 , as ethanol concentration in the fuel increase. Oppose to that are the trend for nitrogen oxides (NOx), increasing 1 % to 18% (Schifter et al, 2001 , Apace, 1998 , Mayote et al, 1994 , and aldehyde, increasing 5% to 200% (Health, 2003, Durbin et al), emissions. In Colombia, the change to gasoline-ethanol blends began in 2006 following entirely the Brazilian model (Higuera et al, 2007) . The main difference between Colombian and Brazilian engines is that the latter is more adapted to biofuels, while in Colombia the average engine fueling technology is the carbureted one, because the engine's average age is 15 years (Ministerio, 2010) . Also, Colombian gasoline and ethanol has different quality of the Brazilian fuels and its major cities are located at different altitudes, from 0 to 2650 meters above sea level. For those reasons, it is especially important to know the behavior of this blend in Colombia's engines through better understanding of combustion via mathematical modeling.
To simulate engine combustion, numerous techniques had been developed. Some of the most used are the ones which employ burned mass fraction (Ferguson, 1986) , heat release (Blumberg et al, 1979) , zero and one dimensional (one or two zone) models (Blair, 1999) , and more complex procedures like multi-dimensional modeling (Heywood, 1988) . All of these can simulate a specific combustion process, with greater depth and computer resources demand as physical dimensions increase within the model (Haworth, 2005) .
The aim of this paper a phenomenological two zone engine model was developed, following turbulent flame propagation theory (Blizard and Keck, 1974) to calculate mass fraction burned in a moving spherical flame front. New sub-models for combustion efficiency and intake velocity are proposed in order to work with different compression ratios, spark timing and gasoline-ethanol blends.
The paper starts with closed cycle modeling, including constrains and sub-models for every equation to be solved. It continues computational model and next comparative validation results from the numerical model and experiment are presented. Finally, conclusions are depicted.
CLOSED CYCLE MODELING
Closed cycle begins when compression of in-cylinder gas starts and finish when exhaust valve opens. This process includes compression, combustion and expansion of a homogeneous mixture of fuel and air (Heywood, 1988) . The following assumptions need to be posted first, in order to present the model equations:
• Gas composition are known in the moment of valve closing (Ferguson, 1986 ).
• In-cylinder gas during compression, combustion and expansion is considered as ideal (Blair, 1999 ).
• Compression is isentropic (Blair, 1999) .
• Constant mass during compression and combustion (Blair, 1999) . Blow-by are not considered.
• Species conservation are handled with chemical equilibrium.
• A turbulent flame propagation model is used to calculate mass fraction burned (Blizard and Keck, 1974 , Blumberg et al, 1979 , Beretta et al, 1983 ).
• Heat transfer ocurs from the burned zone to unburned zone, engine walls and piston crown (Annand and Ha, 1963) .
• Pressure gradient is null (Heywood, 1988) .
• Flame geometry model represents the effects on one physical dimension plus time (Annand, 1970) .
• Flame front shape could be predicted from a geometric model (Heywood, 1988) .
Including these assumptions, Eq. (1) and Eq. (2) for mass and energy conservation are obtained.
Mass Equation:
0 =         ∂ ∂ Adx t cy ρ (1)
Species conservation:
Chemical equilibrium for the following reaction is proposed: 
This equation is used for compression, combustion and expansion processes within closed cycle (Blair, 1999) .
is removed for expansion and compression, plus fuel vaporization for expansion (Heywood, 1988) . On the other hand, L Q ∂ is computed using Annand's theory (Annand and Ha, 1963) :
In Eq. (3), C r is negligible and C h is calculated using Eq.(4) (Annand and Ha, 1963) :
with a=0.49 (Blair, 1999) .
Fuel mass vaporization energy is determined using Eq. (6):
where m vap is computed employing Eq. (7) through Eq. (9) (Blair, 1999 , Blumberg et al, 1979 :
with SE (scavenging efficiency) defined in Eq.(18).
Heat release from fuel is caculated with Eq. (10) (Blair, 1999) :
Combustion efficiency is calculated from (Blair, 1999) , and it is the product of different efficiencies:
one related to the fuel used and the others to the air to fuel ratio and scavenging efficiency. The equation for this term is:
where:
• C burn is a parameter that introduces a value to accounting for local velocity influence, incomplete flame travel, partial burning and flame decay. Usually, this is a value for model adjustment. Instead, in this work the following equation is proposed:
As can be seen, C burn is strongely dependant on ethanol concentration in the fuel.
• η af is combustion efficiency related to equivalence ratio, and is calculated with:
• se η is related with the scavenging efficiency throught: 
The expression dm b /dt in Eq. (11) is obtained from the turbulent flame propagation model (Blizard and Keck, 1974, Beretta et al, 1983) , which is briefly explained next, detailed information is given in the cited references. Flame penetration equation is modeled with:
The first term in the righthand part of Eq. (19) stands for flame propagation. The next one is fuel mass that is burned into the "wrinkles" of the moving turbulent flame front. Mixture burning is only possible whitin this zone.
In Eq. (19) where, • µ * is a parametric mass, which is the difference between fuel mass burned and entrained mass (m e ). Entrainment mass is the mixture mass (air and fuel) inside the turbulent flame front "wrinkles" with characteristic length l t .
• 
with:
• A ff is the flame front area, whose calculation procedure is explain later. Flame propagation is analyzed in two steps. The initial is flame penetration, described as a turbulent propagation to the unburned zone without heat transfer (Ferguson, 1986) , due to an expanding flame front with laminar velocity S L , and a movement of fresh mixture, with characteristic turbulent velocity u', to the burned zone. In next step heat release by combustion is decribed, equation (10) (Beretta et al, 1983) .
Laminar flame speed is computed from correlations presented by Gülder (1984) , and summarized by Bayraktar (2005) :
where P 0 and T 0 are reference conditions for Pressure and Temperature, C is a constant with value of 2.5 when residual mass fraction (f) is between 0 and 0.3. Other parameters are defined in Table 1 . On the other hand, the turbulent characteristic speed is calculated as (Beretta et al, 1983) :
• U i is the mean inlet gas velocity, modeled using Blizard and Keck (1974) expression, and including a new term to account for fuel, spark timing and compression ratio changes. The equation for U i is:
with m=3. / ρ b ) ), where ST represents spark timing in degree BTDC.
This model has four limiting situations, which are (Beretta et al, 1983 ): 
Flame geometric model
A flame model must be coupled into the main combustion model. This model gives important information to know the area of the moving flame in any time step. The model recognizes a burned zone volume (V f ) which depends of geometric parameters of a moving spherical flame front with center in the spark plug (Blizard and Keck, 1974, Annand, 1970 An adittional variable is also defined, called de burned gas radius (r b ). This is the spherical surface radius which contains all the combustion products computed from equilibrium. Flame radius can be calculated using the following equation (Beretta et al, 1983) :
Using this information and the geometric model described in detail in Annand (1970) , other parameters like flame front area (A ff ) and volume (V f ) can be computed. The latter could be expresed as:
With all the previous information it is possible to obtain a value for burned mass ratio and heat release to calculate in-cylinder gas thermodynamic properties. After this a new time step appears and the whole process is repeated. Combustion ends when mass fraction burned equals 1.
COMPUTATIONAL MODEL STRUCTURE
The model was programmed in Matlab®. Model input variables are:
-Fuel: Isooctane and fuel with formula C n H 1.7n (Heywood, 1988) -Crankshaft velocity in rpm. After reading input variables, the model selects a time step from rpm data to match one (1) degree crankshaft angle. Next, it verifies if valves are closed, if so, closed cycle starts until one of the valves open, when open cycle begins. Output variables are generated for every time step and recorded. After that, a new crank angle is selected and the process starts again.
During closed cycle computation, Equations (18) and (19) were integrated using Simpson's rule (Boas, 1983) . When all terms in conservation equations (1) and (2) are determined, they are solved simultanously using Newton-Raphson iteration technique, to predict in-cylinder pressure and temperature for every zone at each time step.
Compression process is finished when piston is at TDC, and expansion begins. Combustion can be computed together with compression or expansion processes.
When crank angle is one step before exhaust valve opening, open cycle start and equations (29) to (32) are solved to obtained thermodynamic properties. Each engine cycle are repeated 3 times to evaluate convergence.
Output variables are: -In-cylinder pressure and temperature.
-Mean intake velocity.
-Mass fraction burned.
-Heat release.
-Laminar and turbulent flame velocities.
-Flame geometry parameters.
-Burned and unburned zone temperature.
-Burned zone gas concentration.
RESULTS
Simulations for 34 cases were made for a CFR engine running at 900 rpm (   Table 2) (Mantilla, 2010) . The differences between the model and experiments were negligible (below 1E-4%), for maximum pressure value and maximum pressure crank angle. For the area under the pressure curve, Error 3 is presented. (Mantilla, 2010) , are compared to the simulated results in Figure 1 
CONCLUSION
In this paper a phenomenological combustion model is proposed, and simulations on a CFR engine for different compression ratio, spark timing and fuel were performed.
Results show acceptable agree between simulations and experiments, with errors for area under pressure curve less than five percent, and simulation times of one minute top. This means that the model can be used for parametric studies on engines using gasoline-ethanol blends.
The sub-models introduced in equations (13) and (26) proved to be useful when compression ratio, spark timing and fuel change. They worked for all simulated cases without making changes.
